ABSTRACT Axial patterning in the vertebrate inner ear has been studied for over eighty years, and recent work has made great progress towards an understanding of the molecular mechanisms responsible for establishing asymmetries about the otic axes. Tissues extrinsic to the ear provide sources of signalling molecules that are active early in development, at or before otic placode stages, while intrinsic factors interpret these signals to establish and maintain axial pattern. Key features of dorsoventral otic patterning in amniote embryos involve Wnt and Fgf signalling from the hindbrain and Hh signalling from midline tissues (notochord and floorplate). Mutual antagonism between these pathways and their downstream targets within the otic epithelium help to refine and maintain dorsoventral axial patterning in the ear. In the zebrafish ear, the same tissues and signals are implicated, but appear to play a role in anteroposterior, rather than dorsoventral, otic patterning. Despite this paradox, conservation of mechanisms may be higher than is at first apparent.
The vertebrate inner ear mediates the sense of hearing, and it contributes-together with other sensory and motor systemsto an organism's postural control or balance. To accomplish the latter, the inner ear must be responsive to movement in three dimensions: hence, in most vertebrates, it displays obvious asymmetries about all three body axes-anteroposterior (AP), dorsoventral (DV) and mediolateral (ML) (Fig. 1A, B) . In jawed vertebrates, the inner ear comprises three orthogonally arranged semicircular canals (anterior, lateral and posterior), connecting to a medially located crus commune. A series of chambers containing sensory maculae are located ventral to the semicircular canal system, while the endolymphatic duct and sac extend from the dorsomedial part of the ear. In amniotes, a specialised hearing organ, the cochlea, extends ventrally from posterior regions of the ear.
The inner ear arises from a thickening of head ectoderm, the otic placode, which invaginates or cavitates to give rise to an epithelial vesicular structure, the otic vesicle or otocyst. Morphological asymmetries first become evident at these early stages (Fig. 1C, D) . In the zebrafish, cavitation begins at the anterior pole of the vesicle before the posterior, and soon afterwards, cell movements result in a thinning of the dorsal otic epithelium and a thickening of ventral epithelium (Haddon, 1997; Riley et al., 1997) . In the chick, the DV axis is morphologically obvious at otic cup stages, as the developing endolymphatic duct forms an Abbreviations used in this paper: AP, anteroposterior; A, anterior; BMP, bone morphogenetic protein; D, dorsal; DV, dorsoventral; E, embryonic day (mouse stages); FGF, fibroblast growth factor; HH, Hamburger-Hamilton (chick stages); Hh, hedgehog; hpf, hours post fertilization (zebrafish stages); M, medial; ML, mediolateral; L , lateral; P, posterior; r, rhombomere; S, somite (zebrafish stages); V, ventral; Wnt, wingless/int.
outpocketing from the dorsal pole of the invaginating otic cup (Brigande et al., 2000a) . Molecular studies, however, reveal that asymmetric patterns of gene expression about all three axes appear even earlier, prior to any obvious morphological manifestation of asymmetry. Gene expression patterns in the otic vesicle do not always correlate precisely with the body axes, which are thus somewhat arbitrary points of reference, but as we shall see, the sources of signalling molecules that pattern the ear are often aligned with the body axes. For the purposes of description, therefore, the body axes are useful, and we will use these here.
Although there is a correlation between axial patterning of the otic vesicle and the final structure of the mature labyrinth, it should be remembered that morphogenetic movements, cell migration and differential rates of cell division and cell death distort the relationship between the two. Perhaps the most obvious example is the migration of neuroblasts that give rise to the VIIIth ganglion. In both zebrafish and amniotes, these cells are specified in predominantly anterior regions of the otic placode and vesicle, but give rise to neurons that occupy a predominantly ventral position in the final pattern. Fate mapping and gene expression studies , showing asymmetries about all three body axes. The positions of the maculae (blue) and cristae (red) are indicated. Scale bars, 500 µm. (C,D) Schematic diagram of a lateral view of the otic vesicle of a zebrafish at 24 hpf (C) and the chick at HH24 (E4) (D). Scale bars, 100 µm. There are already obvious morphological asymmetries at these stages: in zebrafish, the dorsal epithelium is thinner than the ventral epithelium; in amniotes, the endolymphatic duct protrudes from the dorsal side. In zebrafish, hair cells (blue) are differentiating in the presumptive utricular and saccular maculae at the anterior and posterior poles, respectively, of the otic vesicle. In the chick, the expression of Bmp4 marks the relative positions of all presumptive sensory areas (the mediolateral dimension is not shown) (adapted from data in Oh et al., 1996) . Although the shape of the otic vesicle is distorted during morphogenesis, the relative positions of the sensory patches about the body axes in the mature ear match those at otic vesicle stages. Abbreviations: bp, basilar papilla; ed, endolymphatic duct; sm, saccular macula; um, utricular macula.
have been used to trace other cell and tissue movements that shape the developing ear. In the chick, for example, fate mapping at otic cup stages has shown that there is considerable distortion of different regions of the cup as it invaginates to form a vesicle (Brigande et al., 2000a; Abelló et al., 2007) . In the mouse, the relationship between cell position in the otic cup and the final pattern is also complex: Wnt-responsive cells in the dorsomedial region of the otic cup contribute to both dorsal and ventral otic derivatives (Riccomagno et al., 2005) . In the zebrafish, there appears to be little change in the relative positions of cells in the otic vesicle between 17 and 48 hours post fertilisation (hpf) (Haddon, 1997) , but in the amphibian ear, fate mapping studies indicate that cell mixing is still prevalent at otic vesicle stages, and so the relative positions of cells in the otic vesicle and structures of the mature ear may be harder to interpret (Kil and Collazo, 2001) .
Patterns of gene expression have also been used to trace the origin of particular structures in the ear, although this technique is not as reliable as fate mapping, since changes in expression domains may reflect dynamic changes in gene transcription in addition to cell movements. These data should therefore be treated with caution, but they are sometimes useful in indicating the relative positions of the anlagen of different structures in the ear. For example, in the chick, the fate-mapped proneural region of the otic cup corresponds well to the anterior domain of Fgf10 expression (Abelló et al., 2007) , while Bmp expression domains at otic vesicle stages mark the relative positions of all the future sensory patches in the ear Wu and Oh, 1996) (Fig. 1D) . In the mouse, a dorsomedial domain of Wnt2b expression marks the outpocketing of the vesicle that will give rise to the dorsomedial endolymphatic duct (Ozaki et al., 2004) . In the zebrafish, the developing utricular and saccular maculae are marked from early stages in the otic vesicle by the expression of various markers, and the relative positions of these maculae about the AP axis are retained in the adult ear (Fig. 1C) .
Thus, asymmetries in the final adult structure of the inner ear are-to a greater or lesser extent, depending on the speciesreflected in early molecular and morphological asymmetries about the axes of the otic vesicle. The purpose of this review is to examine what is known about the mechanisms that establish, interpret and maintain this axial asymmetry in the developing ear.
Equipotentiality about the AP axis of the otic placode and vesicle
One question concerning the development of any asymmetric organ is whether there is initially a symmetric stage on which pattern is imposed by a later symmetry-breaking event. Although it is not certain whether the otic vesicle is ever truly symmetrical at early stages, the A and P poles of the presumptive otic ectoderm were recognised to be equipotential as early as the 1930s. Rotation of presumptive ear ectoderm in amphibian (salamander) embryos at preplacodal stages (around the time of AP axis fixation) yielded mirror image twinned ears with either double A or double P character (Harrison, 1936; Hall, 1939; Harrison, 1945; Yntema, 1955) (Fig. 2A-C) . Similarly, manipulation of the Hedgehog (Hh) signalling pathway in the fish and amphibian embryo can also result in double anterior or double posterior ears (Hammond et al., 2003; Waldman et al., 2007) (Fig. 2D-I ; see further discussion in the section on AP patterning below). These enantiomorphic phenotypes demonstrate that the A and P poles of the ear initially have the potential to form either A or P structures; they are reminiscent of other classical developmental axial duplications, such as those of the chick limb following transplantation of the zone of polarising activity, or Drosophila segment polarity phenotypes. Double anterior or posterior ears can also result during regeneration of otic tissue after partial ablation of the placode in Xenopus : these phenotypes are strikingly similar to those generated by the salamander rotation experiments or by manipulations of Hh signalling in zebrafish (Waldman et al., 2007) (Fig. 2J-O) .
The existence of twinned ear phenotypes also suggests that the poles of the otic placode may be specified independently of a mechanism to assign A or P identity to either. In the zebrafish, the A and P poles of the otic placode appear to arise by the division of a single symmetrical prosensory domain into two. The proneural gene atoh1b is initially expressed in a single domain (the sensory equivalence group) across the entire AP axis of the otic placode, but this is later segregated into two domains, one at the anterior and one at the posterior of the placode, which prefigure the appearance of hair cell foci (Millimaki et al., 2007) . Refinement of the expression domain is dependent on Notch signalling (Millimaki et al., 2007) and may also require an inhibitory signal from rhombomere 5 (r5), preventing hair cell differentiation in the middle of the placode (Lecaudey et al., 2007) . The two foci of hair cells that arise at the A and P poles of the ear (the precursors of the utricular and saccular maculae, respectively) initially appear relatively symmetric, and they comprise the same differentiated cell types (hair cells and supporting cells), but the shapes, positions, sizes and polarity patterns of the two maculae will be very different in the mature ear as they develop according to their A or P position.
Timing of axis formation in the developing ear
Asymmetric patterns of gene expression arise early in the otic developmental programme, during or even before placode stages. In zebrafish, although otic asymmetry is not morphologically obvious until vesicle stages, asymmetric gene expression is apparent in the otic placode, concomitant with or just after the resolution of the prosensory domain into two separate domains at the 14 hpf (10 somite) stage. For example, at 14 hpf, deltaA, B and D-although expressed symmetrically about the AP axis-are expressed on the medial, but not the lateral, side of the placode at the A and P poles (Haddon et al., 1998) . By the 16 hpf (14 somite) stage, hmx3 is expressed strongly at the anterior end of the placode (Adamska et al., 2000) . Similarly, in mice, Hmx3 is expressed in the anterior part of the placode, and Wnt6 is detected dorsally, at E8.5 Lilleväli et al., 2006) . For further examples, see Table  1 . These data suggest that mechanisms for the specification of axial asymmetry in the ear must be active at or before placode stages.
Determination or fixation of the otic axes, however, seems to occur some time after signs of otic asymmetry are first apparent. Evidence for this comes from extirpation and grafting experiments performed in the chick (Wu et al., 1998; Bok et al., 2005) . In this species, signs of otic AP asymmetry are visible at E1.5 (Hh10, placode stage), when, for example, Hmx3 is expressed at the anterior end of the placode. Rotation experiments have indicated that the otic AP axis does not become fixed, however, until around E2.0 (Hh12, otic cup stage). Similarly, the DV axis does not become fixed until after E3.5, although several genes (Gbx2, Otx2 ) are expressed asymmetrically about the DV axis from as early as E2.5 (Hh14) (see Table 1 ). The ML axis is fixed for some characters but not others at E2.5.
Sequential fixation of the otic AP axis followed by the DV axis appears to be a general phenomenon, although the exact timing differs for different species. In the salamander, for example, the AP axis becomes fixed much earlier than in the chick, just as the neural folds are closing and before appearance of the otic placode; the DV axis becomes fixed somewhat later, when the otic vesicle is about to close (Harrison, 1936; Hall, 1939; Harrison, 1945; Yntema, 1955) .
Factors required for axis formation: extrinsic and intrinsic signalling
The rotation experiments described above suggest that factors both extrinsic and intrinsic to the ear are required for specification and fixation (determination) of the otic axes. At early stages, positioning with respect to surrounding tissues can influence axis formation, while after fixation, rotating the ear cannot override patterning, suggesting that factors intrinsic to the ear act to maintain axial patterning information, and that the ear is either no (Morsli et al., 1999) 
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GENES EXPRESSED ASYMMETRICALLY ABOUT THE AXES OF THE OTIC PLACODE AND OTIC VESICLE IN ZEBRAFISH, CHICK AND MOUSE
Where complete expression data are not available, we have indicated the time at which there is obvious asymmetric expression in the ear. Abbreviations: A, anterior; M, medial; L, lateral; P, posterior; E, embryonic day (mouse); HH, Hamburger-Hamilton stage (chick); hpf, hours post fertilisation (zebrafish); S, somite stage (zebrafish). TABLE 1 longer responsive to external cues, or that these have ceased.
Tissues in the vicinity of the otic ectoderm that may signal to it include the neural tube, notochord, overlying ectoderm, pharyngeal endoderm, migratory neural crest streams and other periotic mesenchyme. Of these, the dorsal neural tube and midline tissues (notochord and floorplate) have been the most extensively studied; the experiments described in the next sections illustrate their importance as sources of extrinsic patterning information. In turn, extrinsic signals are interpreted, maintained and propagated by intrinsic factors expressed within the otic epithelium itself.
Candidates for extrinsic signalling factors from the dorsal neural tube, floorplate and notochord include those of the BMP, Fgf, Hh and Wnt families; note that these are, with the possible exception of Hh for some species, also expressed within the otic epithelium, where they may act as intrinsic factors to maintain and refine axial patterning. Many factors, both extrinsic and intrinsic to the ear, are involved in specification of more than one axis, and each factor is unlikely to act independently; several studies indicate that there is interaction and cross-talk between different signalling pathways to pattern the ear. In the sections below, we discuss the evidence for the role of these signalling pathways in patterning each of the otic axes. We cover the AP axis separately, but treat the DV and ML axes together, since these are rarely affected independently.
Anteroposterior patterning

Role of the hindbrain in otic AP patterning
The otic placode develops closely juxtaposed to the hindbrain rhombomeres (r), each of which expresses a unique combination of genes at the time of otic axial specification; it is thus an attractive idea that rhombomeres confer AP identity on adjacent otic tissue. In zebrafish, for example, the otic placode initially arises adjacent to r4, but later becomes positioned adjacent to r5, with its anterior and posterior poles (and sites of initial hair cell formation) opposite r4 and r6, respectively (Kimmel et al., 1995; Riley et al., 1997; Ernest et al., 2000) . In the chick, the otic vesicle lies adjacent to r5 and r6; here, the r5/6 boundary aligns with an otic AP compartment boundary, suggesting that r5-and r6-derived factors may confer A and P identity, respectively, on the otic vesicle (Brigande et al., 2000b ) (see Fig. 5 ). . Expression of anterior markers ( hmx3, pax5, fgf8; purple) extends posteriorly around the medial wall of the otic vesicle, while expression of a posterior marker ( zp23; light blue) is lost (adapted from data in Kwak et al., 2002) . The photographs show the expression of hmx3 at 25 hpf; arrowheads mark the posterior boundary of expression. (C,D) Disruption of the otic ML axis in the mouse Raldh2 -/-mutant (dorsal views). Expression of a medial marker ( Pax2; light blue) is lost, while expression of a lateral marker ( Hmx3; purple) is expanded throughout the otic epithelium (adapted from data in Niederreither et al., 2000) . (E,F) Disruption of the otic DV axis in the mouse Shh -/-mutant (transverse sections). Expression of the dorsal marker Dlx5 (purple) extends ventrally, while expression of the ventral marker Otx2 (light blue) is lost (adapted from data in Riccomagno et al., 2002) . All drawings are schematic diagrams, not to scale; they show only a subset of the genes affected in each case.
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Evidence from the zebrafish supports a role for rhombomeres in otic AP patterning: specifically, it has been proposed that r4 is the source of a signal that acts to anteriorise the ear. In homozygous valentino (val/mafb) mutant embryos, rhombomere boundaries are lost posterior to r3/4, and r5 and r6 territories are replaced by an undivided rhombomere, rX, with some of the characteristics of r4; concomitantly, expression domains of anterior otic markers (pax5, hmx3 ) extend posteriorly, adjacent to rX, while expression of the posterior marker zp23 is lost in the ear (Kwak et al., 2002) (Fig. 3A, B) . A similar anteriorisation of the ear is seen in homozygous tcf2 (vhnf1) zebrafish mutants, which also have disrupted rhombomere patterning and lack expression of val/mafb in the hindbrain (Hernandez et al., 2004; Lecaudey et al., 2007) . In tcf2 mutant embryos, expression domains of anterior otic markers (fgf8, pax5, hmx3 ) extend posteriorly or are duplicated at the posterior of the otic vesicle, while expression of fst (follistatin ), a posterior otic marker, is often absent (Lecaudey et al., 2007) . Note that the tcf2 and val/mafb mutant phenotypes, although similar, are not identical: duplications (rather than ex- Both mutants show a similar wide spectrum of defects; examples of relatively strong phenotypes are shown for each. The anterior and posterior semicircular canals, crus commune and endolymphatic duct are missing, and the cochlea is grossly distended (adapted from data in Lin et al., 2005 and Choo et al., 2006) . Blue shading indicates maculae; red indicates cristae. Light shading indicates poorly differentiated sensory organs. The similarity of the two phenotypes, together with expression data ( Gbx2 expression is lost in the ears of kr/Mafb -/-mutants), strongly suggest that Gbx2 acts downstream of a kr/Mafb-dependent hindbrain signal. Abbreviations: ascc, lscc, pscc, anterior, lateral (horizontal) and posterior semicircular canals; cc, crus commune; ed, es, endolymphatic duct and sac.
pansions) of anterior markers were not described in val/mafb mutants, and there are also some differences in DV defects in the ear between the two mutants. While it is likely that some effects of the tcf2 mutation are mediated through the loss of val/mafb expression, some aspects appear to be independent.
Both val/mafb and tcf2 (vhnf1) code for transcription factors expressed in r5 and r6 of the hindbrain, and therefore their influence on the ear is likely to be indirect, via the transcriptional regulation of one or more diffusible factors. In val/mafb mutants, effects may be mediated in part by the expansion of fgf3 expression in the hindbrain: normally limited to r4, this now extends posteriorly from the r3/4 boundary adjacent to the entire length of the otic placode. Accordingly, depletion of Fgf3 signalling using an antisense morpholino suppresses the val/mafb ear phenotype, reducing expression of pax5 and hmx3 and resulting in the expansion of zp23 expression into anterior regions of the ear (Kwak et al., 2002) . In the tcf2 mutant, posterior expansion of fgf3 expression in the hindbrain is even more dramatic than in val/ mafb mutants (Hernandez et al., 2004) and thus a similar mechanism may apply.
Although these results are suggestive that r4-derived Fgf3 is sufficient for the acquisition of anterior identity in the zebrafish ear, there is a caveat: fgf3 is also expressed at the anterior of the otic vesicle (Walshe and Mason, 2003) , and knockdown of earderived Fgf3 may contribute to the morpholino-mediated suppression of defects in the val/mafb mutant. In addition, other factors may be involved: the expression patterns of wnt1 and wnt3a in the dorsal hindbrain are also disrupted in tcf2 mutants (Lecaudey et al., 2007) , and wnt1 expression is variably abnormal in posterior rhombomeres in val/mafb mutants (Riley et al., 2004 ).
Although not yet tested directly, it is possible that a reduction in wnt expression contributes to the otic phenotype in both mutants; note that hindbrain-derived Wnts are known to be required for otic DV patterning in the mouse (see below).
It will be of interest to examine otic AP patterning in other zebrafish mutant backgrounds that disrupt genes required for the establishment of val/mafb or tcf2 expression, such as the spg/ pou2 mutant (Burgess et al., 2002; Hauptmann et al., 2002) or following treatment to disrupt the RA signalling pathway (Hernandez et al., 2004; Maves and Kimmel, 2005) . Mutations in a number of other genes also disrupt rhombomeres or rhombomere boundaries in the posterior hindbrain of the zebrafish, including members of the Hox, Irx, Meis and Pbx families (Moens and Prince, 2002; Lecaudey et al., 2004) , and it is likely that these too will have concomitant effects on otic patterning.
In amniotes, a role for rhombomeres in otic AP patterning is less clear. Although rotation of the otic placode in the chick embryo suggests that extrinsic factors influence AP specification, rotation of the hindbrain itself suggests that this tissue is less important in this species than in zebrafish: reversal of the AP axis of r4-7 of the chick hindbrain at E1.5 did not affect otic AP patterning (Bok et al., 2005) . Nevertheless, this does not rule out a role for the hindbrain in otic AP patterning prior to E1.5; some Hmx family genes, for example, are already expressed in AP restricted otic domains at this time (see Table 1 ). There also appear to be differences in the mechanism of hindbrain signalling to the ear between the zebrafish and the mouse. Several mouse mutants have been examined in which hindbrain rhombomere pattern is disturbed but AP patterning in the otic vesicle appears relatively normal, including the Egr2 (Krox20) -/-mutant and the RARa -/-; RARb -/-double mutant (see discussion in Brigande et al., 2000a) . Also, while the transcriptional relationship between Tcf2 /vHNF1 and kr/Mafb (the murine orthologues of tcf2 and val/ mafb, respectively) in r5 and r6 of the hindbrain is conserved (Kim et al., 2005) , mutations in kr/Mafb result in a reduction, rather than the expansion seen in zebrafish, of Fgf3 expression in the hindbrain. Consistent with this, mouse Fgf3 -/-mutants display similar ear defects to those in kr/Mafb mutants (Mansour et al., 1993; McKay et al., 1996) . Unlike the val/mafb phenotype, the ear defects in kr/Mafb and Fgf3 -/-mutants primarily affect the DV axis, rather than the AP axis of the ear; these are discussed in the DV section below.
Role of the midline in otic AP patterning
It is conceptually straightforward to understand how localised sources of inductive factors from specific hindbrain rhombomeres might influence otic AP pattern. It is less obvious why midline tissues (notochord and floorplate), which have no overt AP patterning in the region of the ear themselves and are apparently equidistant from the entire otic AP axis, should have differential B C A effects on the A and P poles of the otic vesicle. Nevertheless, data from our lab suggest that Hedgehog (Hh) signalling from the notochord and floorplate plays a role in the development of posterior otic structures in the zebrafish (Hammond et al., 2003) . Hh genes are strongly expressed in both the floorplate and notochord of the zebrafish embryo, while genes whose products are required for transduction of the Hh signal (ptc, smo and gli ), are expressed in the otic epithelium. Moreover, ptc1 -a target of Hh signalling-is expressed in a Hhdependent manner in the ear, suggesting that the effect of Hh on the ear is direct. When Hh signalling is absent or severely reduced, posterior otic structures fail to form and the ear displays a mirror image duplication of anterior regions, similar to the enantiomorphic ears observed by Harrison (Fig.  2) . A recent study has reported a very similar finding in Xenopus : here, injection of mRNA coding for the Hh inhibitor Hip results in mirror image duplications of anterior inner ear structures (Waldman et al., 2007) . When the Hh pathway is activated ectopically in the zebrafish, by injection of shh or dominant negative PKA RNA, we see the reverse phenotype: ears lose anterior otic structures and show a mirror image duplication of posterior regions (Hammond et al., 2003) (Fig. 2) .
posterior otic regions (Hammond et al., 2003) . It is not clear, however, whether this corresponds to the time at which Hh is required for otic patterning. Alternative explanations (yet to be tested) include the possibility that cells specified by Hh signalling migrate to posterior regions of the otic vesicle as the ear develops. It is also possible that Hh antagonises or synergises with other more localised AP determination factors, such as Fgf3 from r4, to maintain otic AP pattern. For a summary of otic AP patterning in the zebrafish, see Fig. 6A .
Intrinsic factors for interpretation of AP patterning information
As described in the previous sections, changes in extrinsic signalling disrupt patterning in the otic vesicle, as measured by changes both to morphological pattern and to gene expression patterns within the otic epithelium. If these latter genes are not merely markers of position in the otic vesicle, but play an active role in interpreting extrinsic signals, we would expect their loss to have similar effects on AP patterning in the ear. Where mutation or knockdown of an intrinsic otic gene results in a phenocopy of all or a subset of the defects seen for disruption of an extrinsic factor, we can conclude that this gene is likely to be involved in the reception or interpretation of that signal.
At present, there are rather few examples where the loss of function of genes intrinsic to otic epithelium yield AP patterning defects, and none are known that precisely phenocopy the defects seen in the zebrafish hindbrain or midline mutants. In the zebrafish, for example, a reduction in the expression or function of pax5 (an anterior marker, expanded in the anteriorised ears of val/mafb and tcf2 mutants) results in the loss of some anterior (utricular) hair cells, but no disruption of overall AP patterning (Kwak et al., 2006) . This suggests that Pax5 plays a role in Taken together, these data demonstrate that Hh signalling is both necessary and sufficient for the acquisition of posterior otic identity in zebrafish and in Xenopus. In zebrafish, the closest source of Hh for patterning the ear appears to be the midline, and the two orthologues of mammalian Shh, shha and shhb (previously twhh ), are involved (Hammond et al., 2003) . In Xenopus, the source of Hh signalling has not been confirmed, but the Bhh gene is expressed in the ear itself (Ekker et al., 1995) . In the mouse ear, any AP effects from the disruption of Hh signalling, if present, are much less obvious than in the fish. Instead, a loss of Hh signalling primarily affects DV patterning (discussed below).
Note that although there are some similarities, the disruption of AP patterning when Hh signalling is absent in the zebrafish is quite distinct from that seen in tcf2 or val/mafb mutants: despite the duplication of sensory patches at later stages, we do not see duplication or expansion of the anterior markers fgf8 and pax5 in the early otic vesicle. This could indicate that the maintenance, rather than the initiation, of AP patterning is disrupted when Hh signalling is lost. There are also other differences: the ears of Hh pathway mutants often have an additional, ectopic crista (Hammond et al., 2003) , whereas in tcf2 mutants, cristae are reduced (Lecaudey et al., 2007) . In addition, several markers of DV pattern remain unaffected when Hh signalling is absent in the zebrafish, whereas the tcf2 mutation disrupts both the AP and DV otic axes (Lecaudey et al., 2007) .
A role for Hh signalling from the midline in otic AP patterning presents a paradox: how can a linear source of Hh affect the A and P poles of the vesicle differently? The position of the otic vesicle could provide an explanation: although the otic placode is aligned parallel to the midline, by 24hpf, the posterior pole of the otic vesicle is closer to the midline source of Hh than the anterior (our unpublished data). Concomitantly, ptc1 becomes restricted to anterior development in the ear, and specifically in the production or survival of hair cells in the anterior macula.
In the mouse, Tbx1 has been proposed as a determinant for AP patterning within the otic vesicle (Raft et al., 2004) , but it is not clear which extrinsic signals regulate its expression in the otic epithelium; expression here is not dependent on Hh signalling, for example (Riccomagno et al., 2002) . In Tbx1 -/-mouse embryos, expression of some anterior otic markers (Ngn1, NeuroD, Lfng, Fgf3 ) extends posteriorly, expression of Otx1 (a posteroventrolateral marker) is lost, and the rudiment of the VIIIth ganglion, which normally occupies an anteromedial position beneath the otic vesicle, is duplicated at the posterior (Raft et al., 2004; Arnold et al., 2006 ). An alternative interpretation, however, is provided by Xu et al. (2007) , who claim that axial patterning defects are due to a loss of tissue rather than a true anteriorisation of the otocyst. Although it is expressed in both the otic epithelium and surrounding tissues, Tbx1 certainly qualifies as an intrinsic factor for otic patterning: the requirement for Tbx1 function in the otic epithelium has been elegantly demonstrated using tissuespecific conditional knockout approaches (Arnold et al., 2006; Xu et al., 2007 ).
An AP organiser for the otic vesicle?
The existence of phenotypes involving duplication of the otic AP axis and the presence of localised sources of diffusible signalling molecules-both in the vicinity of the ear and within the otic epithelium-is reminiscent of other organ systems patterned by an organiser, and it has been proposed that an organiser may also exist to pattern the AP axis of the ear (Léger and Brand, 2002) . Although an organiser for the otic AP axis has not been definitively identified, this is a credible idea. Classically, an organiser is defined operationally; it is often the source of a morphogen that establishes pattern in a concentration-dependent manner. For the ear, this source of patterning information may either be outside the otic region (such as r4, or rhombomere boundaries) or may be within the otic epithelium itself, such as the expression domains of fgf3 and fgf8 at the anterior, or fst at the posterior, of the zebrafish otic vesicle. Hh clearly acts as a morphogen in other systems in which there are mirror image phenotypes (see discussion in Hammond et al., 2003) , but for the ear, since there is no obvious localised source of Hh or clearly localised response to its activity, it is not clear whether Hh is acting in an organising capacity, or is perhaps required for the establishment or maintenance of such an organiser. Further experiments involving targeted cell ablations, or the conditional misexpression or knockdown of genes in specific areas of otic epithelium, will be required to identify any tissue in the ear that may have organising properties and to determine which of the signals are instructive and which permissive for the establishment of otic AP patterning.
Dorsoventral and mediolateral patterning
Role of the hindbrain in DV/ML patterning
Rhombomeres in the hindbrain display distinct differences in gene expression along the DV axis and so, in addition to their role in otic AP patterning, may also provide cues to direct DV pattern in the adjacent otic placode or vesicle. Harrison provided early evidence that the hindbrain is required for the acquisition of dorsal otic identity. Specifically, grafting a second hindbrain ventral to the otic placode in amphibian embryos induced the formation of a second endolymphatic duct (ED)-normally a dorsomedial structure-from the ventral part of the ear (Harrison, 1945) . In the chick, ablation or DV rotation of r4-r7 of the neural tube indicates that signals from the dorsal neural tube are both necessary and sufficient for the acquisition of dorsal otic fates in this species (Bok et al., 2005) . 
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Mutant phenotypes in the mouse also demonstrate the importance of signalling from the hindbrain for both DV and ML patterning in the ear. In mice homozygous for mutations in kr/Mafb (the orthologue of zebrafish val/mafb ), specification of r5 and r6 of the hindbrain fails and dorsal otic structures do not form (Deol, 1964) . Detailed analysis of kr/Mafb embryos reveals small, cystic, poorly differentiated ears: the ED does not form, the anterior and posterior semicircular canals and cristae are often absent and the cochlea is distended (Deol, 1964; Choo et al., 2006) (Fig. 4) . Expression of the dorsal markers Gbx2, Dlx5 and Wnt2b is lost from the otic vesicle, while expression of the ventral marker Otx2 is expanded, which may account for the cochlear defects (Choo et al., 2006) . The hindbrain is therefore required not only for the induction of dorsal otic identity, but also for the repression of ventral otic identity. Similar hindbrain and ear defects are seen in embryos mutant for Hoxa1 (Lufkin et al., 1991; Mark et al., 1993) . Note that both kr/Mafb and Hoxa1 are expressed in the hindbrain but not in the otic vesicle itself; they are thus likely to influence otic pattern through the regulation of expression of secreted signalling molecules from the hindbrain (see below).
A dramatic alteration of ML pattern is seen in the mouse Raldh2 -/-mutant, in which hindbrain segmentation is also severely disrupted. Here, there appears to be a complete lateralisation of the otic vesicle: expression of the medial marker Pax2 is lost altogether and the lateral marker Hmx3 is expressed throughout the vesicle (Niederreither et al., 2000) (Fig. 3C, D) . The otic vesicle is considerably smaller in the mutant, however, and it is possible that medial tissue is missing rather than having adopted lateral identity. As for kr/Mafb and Hoxa1, the otic patterning defects are likely to be due to loss of a signal from the hindbrain, since they are present at a stage when Raldh2 is expressed in the hindbrain but not in the ear. For all three mutants, a contributory factor to the otic phenotype may also be the abnormal position of the ear with respect to the hindbrain: the two tissues are no longer in close apposition, and the ear may thus simply be too far from the hindbrain source to receive the correct signal (Deol, 1964; Lufkin et al., 1991; Mark et al., 1993; Brigande et al., 2000b; Niederreither et al., 2000; Choo et al., 2006) .
Signalling molecules derived from the hindbrain implicated in patterning the DV and ML axes of the amniote ear belong to the same families as those with a role in otic AP patterning in the fish: Fgfs and Wnts. In the mouse kr/Mafb mutant hindbrain, r5 and r6 are replaced by an undivided rhombomere, which has r4-like identity and reduced Fgf3 expression (McKay et al., 1996; Choo et al., 2006) . As the ear phenotype of Fgf3 -/-embryos resembles that of kr/Mafb mutants (Mansour et al., 1993 ) the ear defects seen in kr/Mafb are thought to be partly due to a reduction in Fgf3 signalling from the hindbrain (McKay et al., 1996) . The Fgf3 -/-ear phenotype is, however, much less severe than that of kr/Mafb, suggesting that additional factors may be involved. Likewise, the Fgf10 -/-ear phenotype is very mild (Mansour et al., 1993) . Note, however, that Fgfs also play a role in otic induction; as the double Fgf3 -/-; Fgf10 -/-mutant phenotype results in a drastic loss of otic tissue (Alvarez et al., 2003; Wright and Mansour, 2003) , it is difficult to distinguish the early role of Fgfs in otic induction from a later (or concomitant) role in axial patterning.
In the mouse, Wnt signalling from the dorsal hindbrain appears to be a critical factor in the establishment of otic DV pattern, acting in part to restrict the ventralising effects of Shh signalling from the midline (see below) (Riccomagno et al., 2005) . Wnt signals (Wnt1 and Wnt3a) derived from the dorsal hindbrain act locally on dorsal otic epithelium, but are thought to influence the whole DV axis of the ear, since Wnt-responsive cells in the dorsal otic vesicle contribute to the cochlea as well as dorsal derivatives. An additional factor from the dorsal hindbrain is also implicated in restricting the effects of midline-derived Shh signalling: ablation of the dorsal hindbrain results in an expansion of Shh-responsive markers (Pax2, Ngn1 ), which are unaffected in Wnt1 -/-; Wnt3a -/-double mutants, and this expansion is not fully rescued by constitutive activation of the Wnt pathway (Riccomagno et al., 2005) . In the zebrafish tcf2 mutant, DV defects in otic patterning, like those along the AP axis, may also be attributable to the disruption of wnt1 and wnt3a expression patterns in the dorsal hindbrain (Lecaudey et al., 2007) , although this has not been functionally tested.
Role of the midline in DV/ML patterning
Tissues at the embryonic midline (notochord and floorplate) are ideally positioned to provide signals to impart ventral or medial pattern on the otic vesicle. Ablation of the notochord or floorplate alone, however, has no effect on ear patterning; the presence of either is sufficient for a correctly patterned ear in the chick (Bok et al., 2005) . Ablation of both notochord and floorplate in the chick embryo adjacent to the otic vesicle at HH10-11 (E1.5, placode/ early otic cup stage), however, results in the loss of ventral otic derivatives (saccule and basilar papilla), demonstrating that ventral midline tissues are crucial for the acquisition of ventral otic identity in this organism. Likewise, rotation of the neural tube and notochord of E1.5 chick embryos such that the DV axis was inverted relative to the otic vesicle led to the acquistion of ventral identity in dorsal regions. Anteroventral markers, including Lfng, Six1 and NeuroD, became expressed anterodorsally, adjacent to the rotated notochord and floorplate; a ventral marker (Otx2 ) expanded dorsally and expression of the dorsal marker Gbx2 was lost. Removal of the entire hindbrain together with the notochord in the r4-7 region of the chick embryo results in the development of a severely dysmorphic otic vesicle apparently lacking all ventral and dorsal character (Bok et al., 2005) . Taken together, these data suggest that factors emanating from the ventral midline cooperate with those from the dorsal hindbrain and are both necessary and sufficient to induce ventral and dorsal otic character, respectively.
The strong sources of Hh expression at the ventral midline, adjacent to ventral and medial regions of the otic vesicle, make Hh an ideal candidate to impart ventromedial patterning information on the otic vesicle. Although in the zebrafish a loss of Hh signalling does not appear to cause overt DV patterning effects (Hammond et al., 2003) , in amniotes, the loss of Hh signalling results in dramatic DV defects (Liu et al., 2002; Riccomagno et al., 2002; Bok et al., 2005) . Analysis of Shh -/-mouse embryos has shown that Hh from the floorplate and notochord is required for the specification of ventral otic regions: the cochlea, VIIIth ganglion and the lateral semicircular canal are absent or reduced (Liu et al., 2002; Riccomagno et al., 2002) . Consistent with a loss of ventral otic regions, Otx2 expression is absent, Dlx5 (dorsal) expression extends ventrally and Otx1, Fgf3, Lfng and Bmp4 domains shift ventrally (Fig. 3E, F) . Medial and dorsal patterning is also affected:
Pax2 is lost from the medial otocyst wall by E9.5, and Gbx2, which is required for ED development, is down-regulated, correlating with a failure to maintain ED outgrowth. These findings are corroborated by work in the chick embryo, where antibody-mediated inhibition of Shh signalling also results in ventral ear defects (Bok et al., 2005) . Taken together, these data suggest a role for midlinederived Shh in patterning both the DV and ML axes of the amniote ear.
Interestingly, dorsal vestibular defects in Shh -/-mutants can be completely rescued by mutation of one copy of the Gli3 gene. In the absence of Hh activity, Gli3 gives rise to a transcriptional repressor (Gli3R) of targets of Hh signalling. The authors suggest that the dorsal vestibular part of the ear is sensitive to the exact dose of Gli3R activity, while ventral structures require high activity of Gli activator proteins (Bok et al., 2007) .
In the mouse, Shh is not only required but also sufficient for ventromedial otic specification. Transgenic embryos in which Shh is ectopically expressed throughout the otic vesicle display an expansion of ventral and medial markers (VIIIth ganglion, Pax2 ) and a reduction in dorsal (Dlx5 ) and lateral (Hmx3 ) markers. The cochlear duct is enlarged, but does not develop correctly (Riccomagno et al., 2002) . Just as signalling from the dorsal hindbrain acts to suppress the ventralising effects of Shh to establish dorsal fates in the ear, the reciprocal relationship is also found: Shh acts to restrict the effects of Wnt signalling to the dorsal otic vesicle (Riccomagno et al., 2005) . In the zebrafish, although a loss of Hh signalling does not appear to cause gross DV/ML patterning defects, our preliminary observations suggest that, as in amniotes, Hh signalling must be kept repressed for the correct acquisition of dorsal and lateral fates in the ear (KLH and TTW, unpublished data).
Intrinsic factors for interpretation of DV/ML patterning
Components for the reception and transduction of Fgf, Wnt and Hh signalling are all expressed in the ear. Fgfr2(III)b is expressed in the dorsomedial otic vesicle juxtaposed to the hindbrain and is the receptor for both hindbrain-and otic vesicle-derived Fgf3 and Fgf10. The otic phenotype of the Fgfr2(III)b -/-receptor mutant (Pirvola et al., 2000) resembles that of kr/Mafb -/-embryos and is much more severe than the highly variable Fgf3 -/-phenotype (Mansour et al., 1993) , suggesting that kr/Mafb may regulate more than one Fgf, or additional factors, in the hindbrain. Wnt signalling is actively received in dorsomedial otic tissue, as shown by activation of the Wnt-responsive reporter Topgal (Riccomagno et al., 2005) . Expression of Ptc, Smo and Gli family transcripts, coding for the Hh receptor, transducer and effector, respectively, are expressed in otic epithelium and periotic mesenchyme in both zebrafish and amniotes (Riccomagno et al., 2002; Hammond et al., 2003; Ozaki et al., 2004; Bok et al., 2007) . Moreover, in the mouse, conditional inactivation of Smo in the otic vesicle results in ventral otic defects, demonstrating that ventral otic epithelium responds directly to Shh signalling (Brown et al., 2007) .
In amniotes, there is good evidence to show that mutations in some of the genes whose otic expression patterns are affected in response to disrupted hindbrain or midline signalling also lead to DV patterning defects in the ear. These genes-which include members of the Dlx, Gbx, Hmx, Otx and Six families-may thus play an active role in the interpretation of extrinsic signals. In Dlx5 -/-; Dlx6 -/-double mutants, expression of Gbx2 in dorsal regions of the developing ear is lost, and Pax2 expression expands throughout the otic vesicle. Consequently, all dorsal (vestibular) structures, including the endolymphatic duct, utricle, saccule and semicircular canals fail to form (Robledo and Lufkin, 2006) . A similar phenotype is seen in Hmx2 -/-; Hmx3 -/-double mutants (Wang et al., 2004) ; loss of Dlx5, Hmx2 or Hmx3 function alone also results in significant dorsal (vestibular) defects (Wang et al., 1998; Wang et al., 2001; Merlo et al., 2002) . These may be key genes in the interpretation of signals from the dorsal hindbrain. For a summary of otic DV patterning in amniote embryos, see Fig. 6B .
The otic phenotype of Gbx2 -/-mutants is strikingly similar to that seen in kr/Mafb mutants, providing compelling circumstantial evidence that Gbx2 is a key gene for the interpretation of hindbrain signalling dependent on kr/Mafb function (Lin et al., 2005; Choo et al., 2006) (Fig. 4) . In both mutants, there is a similar spectrum of variable phenotypes, with malformation of the most medial structures (ED, crus commune, anterior and posterior semicircular canals and saccule), while the lateral semicircular canal forms normally. In addition, ventral otic derivatives-the cochlea and spiral ganglion-are malformed in both mutants, even though Gbx2 is not expressed in ventral otic domains. This may be due, at least in part, to mutually repressive interactions between Gbx2 and Otx2 (Lin et al., 2005; Choo et al., 2006; Miyazaki et al., 2006) . Gbx2 is required for Wnt2b and medial Dlx5/6 expression, which is also lost in kr/Mafb mutants (Lin et al., 2005; Choo et al., 2006) .
Otx genes are expressed in ventral otic epithelium, and have important roles in the development of the lateral (horizontal) semicircular canal and ventral otic derivatives. A loss of Otx1 function in both the mouse and zebrafish results in the loss of the lateral semicircular canal and incomplete segregation of the utricular and saccular maculae (Morsli et al., 1999; Fritzsch et al., 2001; Hammond and Whitfield, 2006) . Otx2 -/-mice develop without a head, precluding an examination of the ear in these embryos; however, Otx1 -/-;Otx2 +/-mice have much more severe cochlea and saccule defects than Otx1 -/-mice, indicating the importance of Otx2 for development of these structures (Morsli et al., 1999) . As Otx2 expression is absent from otic vesicles of Shh -/-mutants (see above), this may be a key gene in the interpretation of Shh signalling from the midline in the mouse.
Similarity has also been drawn between the Shh -/-mutant otic phenotype and that of Six1 -/-mice, in which there is a loss of ventral markers and an expansion of dorsal markers, including a dramatic enlargement of the Wnt2b expression domain corresponding to the endolymphatic duct and sac (Zheng et al., 2003; Ozaki et al., 2004) . Expression of Six1 in the otic vesicle, however, is not dependent on Shh signalling; likewise, expression of the Shhresponsive Ptc and Gli1 genes in the otic vesicle does not require Six1 function (Ozaki et al., 2004) . It is thus unlikely that the ventralising function of Shh signalling in the mouse is mediated directly through Six1.
Conservation of otic axial patterning mechanisms
Many markers of axial patterning at the otic vesicle stage are highly conserved between zebrafish and amniotes (Table 1) . Despite this, there is a puzzle: signals that are involved in AP patterning in the fish ear (Fgfs, Wnts, Hh) appear instead to contribute to otic DV patterning in amniote embryos (see Fig. 6 ). This may be partly due to simple differences in anatomical descrip-tion of the ear in the two groups. The entire zebrafish ear, which has no cochlea, corresponds to what is usually described as the "dorsal" or vestibular region of the amniote ear. In amniote embryos, the cochlear duct extends ventrally, and is usually considered a ventral structure; however, the cochlear duct arises from a site located posterior to the utricule, saccule and site of delamination of neuroblasts that forms the cochleovestibular ganglion (Riccomagno et al., 2002) . Similarly, the Bmp4 expression domain that later marks the basilar papilla in the chick ear originates from a posteroventral region in the HH24 (E4) otocyst (Fig. 1D) . Thus, as for the zebrafish saccule, the cochlea can be considered a posterior structure as well as a ventral one, revealing many more similarities than differences in otic patterning between zebrafish and amniotes; note that the cochlea is thought to have evolved from the saccule (Fritzsch et al., 2002) .
Some of the mutant phenotypes, however, do reveal genuine axial patterning differences between zebrafish and amniote ears, with the same markers clearly affected differently in equivalent mutant backgrounds. For example, in the mouse Shh -/-embryo, otic Pax2 expression is downregulated, and the Bmp4 expression domain shifts ventrally, but these genes are not affected in zebrafish embryos in which Hh signalling is lost (Riccomagno et al., 2002; Hammond et al., 2003) . Comparison of the mouse and zebrafish Mafb mutants (kr and val, respectively) reveals differences in the details of changes to hindbrain expression of Fgfs, and in the consequent otic patterning defects. In addition, a few region-specific markers in the otic vesicle are expressed differently: pax5, for example, is only expressed in the zebrafish and not the amniote otic vesicle, while otx2 does not appear to be expressed in the zebrafish ear (Table 1) .
If information from rhombomeres or rhombomere boundaries does play a role in AP patterning of the otic vesicle, it is interesting to note that there are differences in the positioning of the otic vesicle with respect to these boundaries in different vertebrate species (Murakami et al., 2004) (Fig. 5) . In the lamprey, an agnathan (jawless) vertebrate, the otic vesicle arises opposite r4; in the zebrafish it initially arises opposite r4 but is later positioned adjacent to r5, while in amniotes, the ear is positioned even further posteriorly, next to r5 and r6. Gene expression patterns in the hindbrain, however-with a few exceptions, including those of Fgfs-are largely conserved, so that the otic vesicle is placed adjacent to different molecular influences in the different species. It has been suggested, for example, that changes in the expression pattern of Fgf3 in the hindbrain may have been a contributory factor in the evolution of the cochlea (Kwak et al., 2002) . Nevertheless, despite differences in positioning of the otic vesicle relative to the rhombomeres, the AP restriction of many otic markers (e.g. hmx3, tbx1 ) is conserved across species (Table 1) , supporting the finding that in the chick at least, information from the hindbrain is not critical in establishing otic AP pattern (see above).
Evolution of otic axial patterning
The ears of adult agnathan vertebrates (hagfish and lampreys) appear tantalizingly symmetric about the AP axis, and it has been suggested that the complex labyrinth of the gnathostome (jawed vertebrate) ear evolved from a simpler structure with AP symmetry, containing a single sensory patch (Hagelin, 1974) . As a result of this idea, it has been proposed that mutant phenotypes displaying enantiomorphic duplications of the ear may be atavisms (Léger and Brand, 2002) . Recently, however, we have shown that the lamprey inner ear is much more asymmetric during embryonic stages than in the adult, and that it resembles the developing zebrafish inner ear in many respects. Morphological asymmetries in the shape and positioning of the macula communis, as well as asymmetries in hair cell polarity patterns, are obvious by late embryonic stages (stage 27-28). Molecular asymmetries similar to those observed in zebrafish are detectable earlier, in the otic vesicle. In particular, tbx1 and fst are expressed in distinct posterior domains of the lamprey otic vesicle at stage 24 and 25, similar to the 24-30 hpf zebrafish otic vesicle (Sauka-Spengler et al., 2002; Hammond and Whitfield, 2006) . Other studies in the zebrafish indicate that a single sensory macula does not necessarily indicate AP symmetry: atoh1a1b morphants, in which the sensory domain is undivided, retain a definite AP asymmetry (Millimaki et al., 2007) , and otx1 morphants, in which the maculae are fused, also retain AP asymmetry (Hammond and Whitfield, 2006) .
The lamprey data suggest that an otic vesicle with distinct AP asymmetry was already present in the common ancestor of lampreys and gnathostomes. However, we cannot exclude the possibility that the common ancestor of all vertebrates actually had a simpler AP symmetric inner ear. In particular, it will be interesting to see whether hagfish embryos have an otic vesicle that is more AP symmetric than in the lamprey, although it is unclear whether they can be considered a more ancestral species (Ota and Kuratani, 2006) . As a deep-sea fish, virtually nothing is known about hagfish spawning behaviour, and their embryos have been almost impossible to collect; it is exciting to learn that hagfish embryos have recently been obtained in the laboratory (Ota et al., 2007; Ota and Kuratani, 2006) .
Conclusions
Although several of the signalling components for the establishment of axial patterning in the otic vesicle have been identified (summarised in Fig. 6 ), the details of their mechanism of action are not simple and straightforward: synergy and antagonism between different signalling pathways and cross-talk between downstream effectors all contribute to the final pattern. The use of the same signalling pathways-Fgfs, Wnts and Hh-for patterning of the zebrafish otic AP axis and the amniote otic DV axis in part may simply reflect the different anatomical arrangement of the ear, revealing similarities between the DV axis of amniotes and the AP axis in the fish. It is clear that the axes are established at very early stages of development: asymmetric gene expression patterns are present in the otic placode as soon as it appears. Although the AP poles of the placode are equipotential, there may never be a symmetrical stage and so no requirement for a symmetry-breaking event. Symmetric ear phenotypes are therefore unlikely to represent atavisms, just as chick limbs with duplicated polarity do not mimic an ancestral condition. Areas that require further attention include a study of how axial informationas measured by asymmetric patterns of gene expression-is coupled to early pathways of otic placode induction and to later morphogenesis. This will require an understanding of how extrinsic signalling information is integrated in the developing otic placode and how regional patterning within the otic vesicle coordinates changes in cytoskeletal, cell junction and extracellular matrix components to effect the morphogenetic movements that sculpt the extraordinary labyrinthine structure of the mature inner ear.
